In the brain, classical (canonical) transient receptor potential (TRPC) channels are thought to be involved in different aspects of neuronal development. We investigated the developmental expression profile of TRPC channels in rat cerebellum during the first 6 weeks after birth. TRPC3 expression is significantly up-regulated whereas TRPC4 and TRPC6 expression are significantly down-regulated over this period of time. TRPC3 expression is mainly found on Purkinje cells and their dendrites, suggesting that the increase in TRPC3 expression reflects development of the dendritic tree of Purkinje cells. TRPC4 expression was restricted to granule and their precursor cells. TRPC6 expression is found on Purkinje cell bodies, on mature granule cells in the internal granule cell layer (but not their precursors) and interneurons in the molecular layer. The decrease in TRPC4 expression suggests that it is required for proper granule cell development whereas the decrease in TRPC6 expression is presumably correlated with interneuron development. Moreover, we demonstrate the presence of functional TRPC channels on Purkinje cell dendrites that are activated following stimulation of metabotropic glutamate receptors. Our results reveal cell-specific expression patterns for different TRPC proteins and suggest that developmental changes in TRPC protein expression may be required for proper postnatal cerebellar development.
Introduction
The transient receptor potential (TRP) superfamily of ion channels is widely expressed in eukaryotes. Of the six mammalian TRP subfamilies (TRPA, TRPC, TRPM, TRPML, TRPP and TRPV), the TRPCs (classical or canonical TRP) bear most sequence homologies with the original TRP channel cloned from Drosophila photoreceptors [1] . The TRPC subfamily, comprising TRPC1-7, can be divided into four groups based on sequence homologies and functional properties: TRPC1, TRPC2, TRPC3/6/7 and TRPC4/5, although TRPC1 is sometimes placed with TRPC4/5, thus yielding three groups [1] . In humans, TRPC2 is a pseudogene, whereas * Corresponding author. Tel.: +44 1865 282491; fax: +44 1865 272469.
E-mail address: maike.glitsch@physiol.ox.ac.uk (M.D. Glitsch) . in rodents it is mainly expressed in the vomeronasal organ and is involved in pheromone sensation [2] .
It is widely accepted that all TRPC subunits are somehow activated following phospholipase C (PLC) activation and form cation-selective ion channels. The seven TRPC subunits can form homo-and heteromeric channels and thus generate a whole plethora of channels with distinct properties such as different Ca 2+ permeabilities [1, 3] .
Most TRPC subunits are prominently expressed in the CNS. TRPC5 has been implicated in regulating neurite outgrowth of rat hippocampal neurons [4, 5] , whereas TRPC3 and TRPC6 seem to play a role in brain-derived neurotrophic factor-dependent chemo-attractive turning in cerebellar granule cell cultures [6] . TRPC1 is involved in basic fibroblast growth factor (bFGF)-dependent embryonic rat neural stem cell proliferation [7] . All these studies suggest a role for TRPC channels during brain development. However, these studies were primarily based on cultured neurons and hence the relevance to native tissue is unclear.
Of all the regions of the brain, the development of the cerebellum is the best understood. Cerebellar development is unusual in that neurogenesis takes place in two different proliferation zones at different developmental stages. Prenatal neurogenesis in the ventricular zone gives rise to deep cerebellar neurons, Purkinje cells, inhibitory interneurons and glia cells whereas neurogenesis in the external granule cell layer (a prenatally formed secondary proliferation zone) postnatally generates granule cells [8] .
At birth, the cerebellar cortex consists of four layers: the external granule cell layer, the molecular layer, the Purkinje cell layer and the internal granule cell layer. Following birth, granule precursor cells in the external granule cell layer start to proliferate, post-mitotic granule cells migrate radially inwards and form the internal granule cell layer. This process is complete in rats 3 weeks after birth and the external granule cell layer disappears [8] . The profile of TRPC channel expression during development is unclear.
Here, we have examined the expression patterns of the different TRPC subunits in rat cerebellum for the first six postnatal weeks (i.e. from newborn to young adult) to establish potential links between cellular development and TRPC expression in native tissue. We find striking changes in expression as the cerebellum develops, in a cell-type specific manner.
Material and methods

Tissue and slices preparation
Sprague-Dawley rats were killed by cervical dislocation. Cerebella were from rats aged from postnatal days 1 to 42 (P1, P4, P8, P12, P16, P21, P28, and P42). Following removal, cerebella were washed immediately with ice-cold DEPC-PBS. For immunohistochemical staining, cerebella were embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrence, CA), sectioned by cryostat (20 m serial sagittal sections), and mounted on Fisherbrand Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA).
For electrophysiological and calcium imaging experiments, sagittal cerebellar slices were obtained from Sprague-Dawley rats aged 13 days, as previously described [9] . Briefly, rats were decapitated following cervical dislocation and the cerebellar vermis was dissected out. The vermis was cooled in ice-cold bicarbonate-buffered saline (BBS, composition see below) for 2-4 min and then glued to the stage of a vibratome. Slices of 200 m thickness were cut and incubated in oxygenated BBS at room temperature for at least 40 min before their use in experiments.
Total RNA Isolation
Total RNA was isolated from whole cerebella using an RNeasy Mini-Kit (Qiagen, Valencia, CA) and treated with DNase I (Sigma). The RNA concentration was determined by measuring absorbance at 260 nm.
PCR primers
PCR primers for rTRPC1-7 were designed based on published sequences in GeneBank TM (Supplementary Table I ). All designed primers were screened using BLAST (Basic Local Alignment Search Tool).
RT-PCR
First-strand cDNA was prepared from 1 g of total RNA using the Superscript II Kit (Invitrogen, Carlsbad, CA) in the presence of 1 g of Oligo(dT). Briefly, the mRNA samples were denatured at 65 • C for 5 min. Reverse transcription was performed at 50 • C for 55 min and was stopped by heating the sample at 75 • C for 10 min. Following cDNA synthesis, PCR was then performed with primers specific for the different TRPCs (see Supplementary Table I) . Thirty-five cycles of PCR were performed, with each cycle consisting of denaturation at 95 • C for 30 s, annealing at 50 • C for 30 s, and extension at 72 • C for 30 s. Control PCRs were carried out with primers for the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as an internal control alongside the experimental samples, as well as a negative control, which did not contain any cDNA. The PCR products were electrophoresed through a 2% agarose gel and visualized by ethidium bromide staining. The identity of the amplified PCR products was verified by an ABI PRISM DNA sequencing system (PerkinElmer).
For the semi-quantification, RT-PCR products of the genes of interest, TRPC1,-3,-4,-5,-6 and -7, from P1, P4, P8, P12, P16, P21, P28 and P42 SD rats were grouped and analyzed simultaneously. Three independent PCRs were carried out for each pair of TRPC primers and also for GAPDH primers (internal control), and the PCR products were quantified by GeneTools (SYNGENE, Cambridge, UK) and expressed as the ratio of TRPC product to GAPDH. The ratio value obtained for PCR primers with cerebellar tissue from P1 was then taken to be 1 (i.e. 100%) and all other ratios (obtained with the same TRPC primers but at different postnatal days) were normalized to this P1 value.
Protein lysates preparation
After several washes with ice-cold PBS, cerebella were minced and suspended in lysis buffer containing 150 mM NaCl, 10 mM Tris-Cl (pH 7.5) and 1% Triton X-100, supplemented with protease inhibitor cocktail (Sigma, St. Louis, MO). The brain suspension was homogenized, and centrifuged at 8000 rpm for 10 min to remove the tissue debris. The protein lysate was frozen and stored at −20 • C until further use.
Western blotting
Samples of equal amounts of protein (∼60 g) were analyzed by SDS-PAGE on 10% polyacrylamide gels, then transferred onto a nitrocellulose membrane, which was then incubated in TBST (150 mM NaCl, 20 mM Tris, and 0.1% Tween, pH 7.4) containing 5% nonfat milk for 1 h at room temperature. Membranes were washed with TBST once and then incubated with primary antibody for 1 h at room temperature. The following antibodies were used: rabbit anti-TRPC1, anti-TRPC3, anti-TRPC5, anti-TRPC6, and TRPC7 (1:1000; generous gifts from Dr. W. Schilling, Physiology and Biophysics, Case Western Reserve University, OH), rabbit anti-TRPC4 (1:500; Chemicon). Then the membranes were washed with TBST three times and incubated with 1:2000 dilution of peroxidase-linked anti-rabbit IgG (Amersham Biosciences Europe GmbH, Freiburg, Germany) for 1 h at room temperature. After washing with PBS, the bands were detected by an ECL-plus Western blotting detection system (Amersham Biosciences). For the quantification, films were scanned on a flatbed scanner and the relative band intensities were digitalized and analyzed by using UN-SCAN-IT software (Silk Scientific, UT, USA). Western blots were repeated at least three times using different cell lysates.
Immunohistochemical staining
Cerebellar slices were fixed in 4% paraformaldehyde for 20 min at room temperature, and then incubated overnight at 4 • C with primary antibodies at the appropriate dilution in PBS containing 1% bovine serum albumin (BSA). The following antibodies were used: rabbit anti-TRPC1, anti-TRPC3, anti-TRPC5, anti-TRPC6, and TRPC7 (1:1000; generous gifts from Dr. W. Schilling, Physiology and Biophysics, Case Western Reserve University, OH), rabbit anti-TRPC4 and anti-mouse NeuN (1:500 and 1:1000, respectively; Chemicon). Sections were washed three times with PBS and incubated with secondary antibodies: Alexa Fluor 488-, Alexa Fluor 594-coupled anti-rabbit or antimouse IgG antibodies (Molecular Probes, Eugene, OR) in a dilution of 1:1000 for 1 h at room temperature. After washing with PBS twice for 15 min, the slices were mounted with Vectashield (Vector Laboratories). High resolution images were acquired using a Leica SP2 upright confocal microscope (1024 × 1024 pixels; Leica Microsystems, Milton Keynes, UK; Figs. 4 and 5) in the laboratory of Dr. Tom Cunnane (Department of Pharmacology, University of Oxford) and using a Leica DM IRBE (512 × 512 pixels; Leica Microsystems, Milton Keynes, UK; Figs. 3 and 6) Dr. Peter Kohl (Department of Physiology, Anatomy and Genetics, Oxford University).
Electrophysiology
Tight-seal whole cell recordings were obtained from Purkinje cells, as described in [10] . A 63× water immersion objective was used for visualization of the slices during experiments. Experiments were performed using an EPC9/2 patch-clamp amplifier (Heka Electronics, Lambrecht, Germany). Patch pipettes had resistances of 2-3 M with the standard internal and extracellular solutions used (composition see below). Series resistance did not exceed 10 M . Capacitative currents were cancelled and series resistance was compensated by between 50 and 60%, as described in [10] .
Experiments were performed at room temperature and slices were continuously perfused with oxygenated BBS at a rate of 2 ml/min. Drugs were applied to the slice by dissolving prepared stock solutions into BBS to the desired concentration. Only one cell per slice was used for each experiment to avoid contamination of the results by potential long-term side effects of the drugs used.
Fluorescent Ca 2+ imaging experiments
Experiments were performed simultaneously with electrophysiological experiments. An intracellular solution containing the fluorescent Ca 2+ dye Fura-2 was used for monitoring changes in intracellular Ca 2+ concentration (see below). The intracellular Ca 2+ concentration was measured with a fluorometric system from T.I.L.L. Photonics (Martinsried, Germany). The system utilizes the Polychrome II monochromator and employs an Imago CCD camera for light detection. Recordings were started 5-6 min after establishing WCR. The CCD camera (640 × 480 pixels) was used for imaging the soma and proximal dendritic arborization. The standard imaging protocol consisted of a sequence of 180 images at both 356 and 380 nm (for each wavelength 30 ms exposure; 1 s interval between two pictures of a given wavelength). Acquisition started when electrophysiological recordings started. Fluorescence changes were analyzed on-line as ratio of fluorescence measured at 356 nm over fluorescence measured at 380 nm ( F 356 /F 380 ) in small regions of interest (ROI). Usually one somatic ROI and three ROIs distributed throughout the proximal dendritic tree were measured. One ROI was placed in the periphery of the visual field as a background fluorescence control. For statistical analysis, the three dendritic fluorescent ratio values were averaged to give one dendritic value for a given cell. Basal F 356 /F 380 prior to drug application was compared with peak F 356 /F 380 following drug application for each ROI.
Solutions and drugs for electrophysiology and Ca 2+ imaging experiments
The standard external solution BBS contained (in mM): 125 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 and 10 glucose (pH 7.4 when oxygenated with carbogen).
The intracellular solution contained (in mM): 150 CsCl, 10 HEPES, 0.4 Fura-2 (pentapotassium salt), 4 Na-ATP, 0.4 Na-GTP, 4.6 MgCl 2 (pH adjusted to 7.3 with CsOH). Prior to filling the pipette with this solution, pipette tips were briefly dipped into an internal solution identical to that described above but without any Fura-2.
Tetrodotoxin (TTX), 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX; disodium salt) and (S)-3, 5-dihydroxyphenylglycine (DHPG) were obtained from Tocris Cookson (Bristol, UK). Ryanodine and thapsigargin were obtained from Sigma-Aldrich (Poole, UK). Ryanodine and thapsigargin, were dissolved in DMSO, CNQX, DHPG and TTX were dissolved in water. Drug stocks were aliquoted and frozen at −20 • C. All experiments were carried out in the presence of 0.3 M TTX and 10 M CNQX; the DHPG concentration used was 100 M.
Statistical analysis
Unpaired and paired Student's t-tests were used for statistical analysis and differences were considered significant for P < 0.05.
Results
TRPC3 protein expression is increased whereas TRPC4 and TRPC6 protein expression is decreased during postnatal development
In a first series of experiments, mRNA was isolated from whole cerebella of animals ranging between P1 and P42, i.e. newborns till early adulthood. The mRNA was used in RT-PCR experiments with primers for all seven rats TRPC channel subunits. Fig. 1A shows RT-PCR results for TRPC1, -3, -4, -5, -6 and -7 for the postnatal ages P1, P4, P8, P12, P16, P21, P28 and P42. Primers for TRPC2 did not give rise to any detectable band, reflecting the fact that TRPC2 is mainly found in the vomeronasal organ [2] . GAPDH was used as an internal control (see Section 2) .
It can be seen that mRNA for all TRPC subunits (except TRPC2) is expressed right after birth (P1) until early adulthood (P42). The most striking pattern of expression is found for TRPC4-it steadily declines and is dramatically reduced by P42. Fig. 1B shows that the relative TRPC4 expression was significantly reduced by 66.2% ± 6.1% (P = 0.0012; n = 3; unpaired t-test) when compared with the corresponding value for P1 whereas the changes in expression for the other TRPC subunits were not statistically significant. The decrease in TRPC4 mRNA expression was already significant by P16 when compared to P1 (reduced by 46% ± 9.3%; P = 0.0126; n = 3; unpaired t-test).
These results suggest that TRPC4 mRNA is continually down-regulated during cerebellar development. However, mRNA levels are not necessarily reliable representatives of actual protein levels and we therefore decided to investigate TRPC channel expression in cerebellar tissue at P1 (newborn), P16 (adolescent) and P42 (young adult) at a protein level using antibodies specific for the different channel proteins in Western blots. Fig. 2A shows that all TRPC subunits that had been found by RT-PCR were confirmed to be present at the protein level at There is a significant increase in TRPC3 expression (145.4 ± 6.4% increase; P < 0.0001; n = 4; unpaired t-test) and a significant decrease in both TRPC4 and TRPC6 expression (TRPC4: 67.1 ± 10.6% decrease; P = 0.0025; n = 4; unpaired t-test; TRPC6: 49.3 ± 5.7% decrease; P = 0.0045; n = 3; unpaired t-test).
P1, P16 and P42. Antibodies against GAPDH were used as an internal control for Western blots. Fig. 2B shows that TRPC3 protein levels were significantly up-regulated with development (increase between P1 and P42 by 145.4% ± 6.4%; P < 0.0001; n = 4; unpaired t-test), while TRPC4 channel protein was significantly down-regulated by 67.1% ± 10.6% (P = 0.0025; n = 4; unpaired t-test). TRPC6 was also significantly down-regulated (by 49.3% ± 5.7%; P = 0.0045; n = 3; unpaired t-test). For the other TRPC subunits there was no significant change in expression between P1 and P42.
Taken together, the results suggest that TRPC3 subunit levels are up-regulated whereas TRPC4 and TRPC6 subunit levels are down-regulated during postnatal cerebellar development.
TRPC3 subunit expression is mainly found on Purkinje cells
It is of interest to know where in the cerebellum the different TRPC subunits are expressed and we therefore carried out immunohistochemical experiments in rat cerebellar slices at P1, P16 and P42. Fig. 3A shows that anti-TRPC3 antibodies gave diffuse staining at P1 but which was most intense in the Purkinje cell layer (PCL). At P16, there was very clear staining of Purkinje cell bodies in the PCL and their dendrites (staining of molecular layer (ML) but not external granule cell layer (EGL)) and some staining of the internal granule cell layer (IGL). At P42, the expression pattern of TRPC3 was very Fig. 3 . TRPC3 expression is mainly found on cerebellar Purkinje cell bodies and their dendrites. Immunohistochemical analysis of rat cerebellar slices at postnatal days 1 (P1, left), 16 (P16, middle) and 42 (P42, right) with anti-TRPC3 antibodies (Professor Schilling). At P1, there is diffuse staining of the slice, which is strongest in the Purkinje cell layer and weakest in the external/molecular layer. At P16, TRPC3 staining is prominent on Purkinje cell bodies in the Purkinje cell layer (PCL) and their dendrites in the molecular layer (ML) but absent in the external granule cell layer and only weak in the internal granule cell layer (IGL). At P42, TRPC3 staining is still prominent on Purkinje cell bodies and their dendrites in the ML and only weak in the IGL. . At P1, TRPC4 staining is found in the external granule cell layer (EGL). At P16, TRPC4 staining is found in the EGL, the molecular layer (ML) and the internal granule cell layer (IGL). At P42, TRPC4 staining is restricted to the IGL. similar to that at P16-extensive staining of Purkinje cell bodies in the PCL and dendrites in the ML but only minor staining of the IGL. Fig. 4 shows the expression pattern for TRPC4, which had a very striking expression pattern in that it reflected granule cell development. At P1, TRPC4 is only found in the external granule cell layer (EGL) where granule precursor cells proliferate.
TRPC4 subunit expression patterns mirrors granule cell development
At P16, TRPC4 is found in the EGL, in individual cells in the ML and in the IGL. At this stage, granule precursor cells in the EGL are still present. Post-mitotic granule cells migrate through the ML, which at this stage also contains fully differentiated interneurons (stellate and basket cells). Differentiated granule cells form the IGL (there are also some other cell types in the IGL, most notably Golgi cells, but these cells are far outnumbered by granule cells and have larger cell bodies than granule cells).
At P42, granule cell development is complete and there are only fully differentiated granule cells in the IGL, and strikingly TRPC4 staining is restricted to the IGL.
We wanted to provide more direct evidence that the TRPC4 positive cells of the ML are granule cells and not interneurons, which can also be found in the ML at P16 and P42. We therefore used the neuron-specific nuclear protein neuronal nuclei (NeuN), which only recognises post-mitotic granule cells within the developing and adult cerebellar cortex [11, 12] . Fig. 5 compares NeuN staining patterns at P28 (a developmental stage at which granule cells are only found in the IGL; right panel) with that of TRPC4 at the same age (left panel). It can be clearly seen that both antibodies stain the same cell population. Importantly, there is no appreciable staining of cells in the ML with either antibody, demonstrating that neither of them recognises interneurons, which are present in the ML. It is very unlikely that interneurons of the ML should only express TRPC4 at around P16 but not at P28 or P42, given that their development is completed before P16. It therefore seems very likely that the TRPC4 positive cells in the ML at P16 are indeed migrating granule cells.
We also carried out double-staining experiments in which we used antibodies against TRPC4 and NeuN to see if they co-localise. Unfortunately, however, we could not get any clear staining with anti-TRPC4 antibodies in the presence of the anti-NeuN antibody (data not shown). Fig. 6 shows expression patterns for TRPC6. As for TRPC3, at P1 there was very diffuse staining with the anti-TRPC6 antibody. At P16, TRPC6 staining was clearly found on individual cells in the ML, on Purkinje cell bodies in the PCL and on granule cells in the IGL. At P42, TRPC6 staining was identical to that at P16. Since at this stage granule cells can only be found in the IGL, the TRPC6-positive cells in the ML are interneurons (basket and stellate cells) and it seems reasonable to argue that most, if not all TRPC6-positive cells in the ML at P16 also reflect interneurons and not migrating granule cells.
TRPC6 expression is found on interneurons, Purkinje cells and post-mitotic granule cells
Purkinje cells show increases in intracellular Ca 2+ concentration following stimulation of metabotropic glutamate receptors that are independent of Ca 2+ stores and voltage-gated calcium channels and likely reflect Ca 2+ influx through TRPC channels
Purkinje cells are known to express group I metabotropic glutamate receptors (mGluRs) which couple to Ca 2+ release from intracellular Ca 2+ stores via activation of PLC and subsequent inositol trisphosphate production. As mentioned before, activation of PLC can also lead to activation of TRPC channels. We therefore carried out simultaneous patch-clamp and Ca 2+ imaging experiments to see if activation of group I mGluRs resulted in activation of TRPC channels. Slices were preincubated for 50-60 min in BBS containing 2 M thapsigargin and 10 M ryanodine. Under these conditions, intracellular Ca 2+ stores are depleted [13] and activation of group I mGluRs should no longer trigger Ca 2+ release from intracellular Ca 2+ stores. Hence, stimulation of group I mGluRs should neither trigger store-operated nor Ca 2+ -activated conductances. As can be seen in Fig. 7 for one representative Purkinje cell, application of 100 M DHPG, a selective group I mGluR agonist, resulted in the development of a clear inward current in the Purkinje cell (bottom panel) Fig. 7 . Activation of group I mGluRs leads to increases in intracellular Ca 2+ concentration that are independent of intracellular Ca 2+ stores and voltagegated conductances and likely reflect Ca 2+ entry through TRPC channels. Results from one representative Purkinje cell which was clamped at −60 mV and which was loaded with 400 M Fura-2 to measure intracellular Ca 2+ concentration changes. Slice was incubated in 2 M thapsigargin and 10 M ryanodine for 60 min prior to experiment to deplete intracellular Ca 2+ stores. Experiments were carried out in the continued presence of both thapsigargin and ryanodine and in the additional presence of 0.3 M TTX and 10 M CNQX. Application of 100 M DHPG resulted in an increase in intracellular Ca 2+ concentration both in the soma (top panel; solid black line) and proximal dendrites (top panel; dotted black lines) while there was a concurrent inward current (bottom panel). Both intracellular Ca 2+ increase and inward current likely reflect activation of TRPC channels because these channels are activated following stimulation of PLC (via group I mGluRs) and neither require Ca 2+ release from intracellular Ca 2+ stores nor a change in membrane potential for activation. Similar results were observed in two more cells. Changes in intracellular Ca 2+ concentration are depicted as changes in F 356 /F 380 and are given in arbitrary units (U). and a simultaneous increase in intracellular Ca 2+ concentration (top panel) both in the soma (solid line) and dendrites (dotted line) of the Purkinje cell.
On average, the somatic Ca 2+ signal was increased from a basal F 356 /F 380 of 568 ± 52 to 625 ± 53 units (normalised basal fluorescence: 100 ± 9.2%; normalised fluorescence following DHPG application: 110 ± 9.3%; significant increase: P = 0.043; n = 3; paired t-test).
The dendritic Ca 2+ signal was increased from F 356 /F 380 638 ± 10 to 729 ± 9 units (normalised basal fluorescence: 100 ± 1.3%; normalised fluorescence following DHPG application: 114 ± 1.6%; significant increase: P = 0.007; n = 3; paired t-test).
There was no statistically significant difference in rises in intracellular Ca 2+ concentration following DHPG application between soma and dendrites for the three cells tested (P = 0.6919; unpaired t-test) and also no significant difference between basal levels of Ca 2+ in soma and dendrites (P = 0.2571; unpaired t-test) for the same cells.
Since the inward current and increase in intracellular Ca 2+ concentration were observed following activation of PLC, it is likely that they reflect activation of TRPC channels.
Discussion
The main finding of this study is that different cell types in the cerebellar cortex express different TRPC subunits (or combinations thereof) and that their expression levels can significantly change during postnatal development. To our knowledge, this is the first demonstration of changes in TRPC expression during brain development in native tissue.
One major concern with immunohistochemical studies is the specificity of the antibody used. We used Professor Schilling's antibodies against TRPC1, TRPC3, TRPC5, TRPC6 and TRPC7, which are generally accepted to be very reliable. We used a commercial anti-TRPC4 antibody since Professor Schilling's anti-TRPC4 antibody did not give rise to any detectable bands in the Western blots or any staining in rat cerebellar slices, presumably reflecting the fact that the TRPC4␤ splice variant [14] of the TRPC4 subunit is expressed in rat cerebellum (Professor Schilling's antibody recognises only the TRPC4␣ subunit; also see below). Importantly, we find TRPC4 down-regulation both at the mRNA and protein level, suggesting that the anti-TRPC4 antibody does indeed recognise TRPC4.
We find that TRPC3 subunits are mainly expressed on cerebellar Purkinje cell bodies and dendrites whereas TRPC4 subunit expression is restricted to granule (precursor) cells. TRPC6 expression is found on interneurons, Purkinje cells and post-mitotic granule cells in the IGL (possibly also on migrating granule cells but not granule precursor cells).
Interestingly, the level of expression of these TRPC subunits changes significantly during development.
TRPC3 subunit expression is significantly up-regulated and Fig. 2 shows that the main increase in TRPC3 expression is between P1 and P16 (increase by 97.7% ± 5.4%; P = 0.0002; n = 4; for comparison: only 24.2% further increase between P16 and P42). The maturation of Purkinje cell dendritic trees occurs mainly between P10 and P15; they reach their adult width by P15 and from P15 onwards only vertical growth continues which is complete by about P30 [8] . Correspondingly, the main increase in TRPC3 expression is found between P1 and P16, suggesting that there is a tight correlation between increase in TRPC3 expression and maturation of Purkinje cell dendritic trees. It is important to note that the final number of Purkinje cells is present at birth; hence the increase in TRPC3 expression does not reflect an increase in Purkinje cell number.
For TRPC4, the expression pattern was particularly striking. Already at P1, it was restricted to the EGL containing granule precursor cells and did not show any of the diffuse staining observed for TRPC3 and TRPC6. At P16, it mirrored granule cell development with staining of the EGL (granule precursor cells), staining of individual cell in the ML (migrating granule cells) and staining of the IGL (mature granule cells). At P42 (and also P28, Fig. 5 ), when granule cells can only be found in the IGL, TRPC4 expression was restricted to that layer. These results suggest that TRPC4 down-regulation goes in parallel with granule cell development.
It is interesting to note that the main decrease in TRPC4 expression occurs between P1 and P16, when most proliferating granule precursor cells exit the cell cycle and migrate to their final destination, the IGL. In rats, granule cell development is complete 3 weeks after birth, when the EGL disappears, and the fact that the main decrease in TRPC4 expression occurs between P1 and P16 suggests that TRPC4 down-regulation goes along with the initial stages of granule cell differentiation and/or migration. It should be noted that granule cells are the most abundant neuron in the brain-around 50% of all neurons in the brain are cerebellar granule cells. Hence, the 67% decrease in TRPC4 expression is an underestimate of the actual decrease in TRPC4 expression at an individual granule cell level, since TRPC4 expression decreases as granule cell number increases.
For TRPC6, it is much harder to correlate the decrease in TPRC6 expression with the development of the cerebellar cortex since it is found in a number of different cell types: granule cells, Purkinje cells and interneurons. However, the fact that there is no significant difference between TRPC6 expression at P16 and P42 seems to suggest that TRPC6 down-regulation goes in parallel with interneuron development (which is complete 2 weeks after birth in rats). It is possible that an increase in TRPC6 expression in granule cells and/or Purkinje cells is masked by a more marked decrease in TRPC6 expression following completion of interneuron development.
The presence of TRPC1, 3, 6, and 7 in rat cerebellum had previously been reported [6, [15] [16] [17] . This is the first study to show that both TRPC4 and TRPC5 are also expressed in rat cerebellum. Two previous studies did not find any TRPC4 or TRPC5 expression in rat cerebellum [6, 16] .
Li et al. [6] reported an essential role for both TRPC3 and TRPC6 in the guidance of nerve growth cones of cultured cerebellar granule cells by BDNF but did not find any substantial TRPC4 expression in either cultured rat cerebellar granule cells or in whole rat cerebella at the mRNA level. This latter result conflicts with our findings.
It is important to note that Li et al. [6] used granule cell cultures and under their conditions, the granule cell culture may have been in a differentiating rather than proliferating state and hence TRPC4 expression would be greatly reduced. This could also explain the presence of TRPC3 and TRPC6 in granule cells, which we only found in post-mitotic granule cells but not their precursors.
The fact that Li et al. [6] did not find TRPC4 expression in whole rat cerebella may reflect the fact that they did not compare cerebellar tissue from rats of different ages and the age of the rats they used is unclear. Hence, it could be that TRPC4 mRNA levels were too low to generate sufficient amounts of PCR product or that any bands on the gel following RT-PCR were too faint to be detected. We used the TRPC4 primers described in Li et al. [6] in an RT-PCR experiment with cerebellar tissue from P12 and P28 and in both cases we found an appropriate band for the TRPC4 primers which subsequent sequencing verified to be TRPC4.
Li et al. [6] also did not find appreciable TRPC5 or TRPC7 mRNA expression in either cerebellar granule cell cultures or whole cerebella. TRPC7 protein expression had previously been shown to be present in rat cerebellum by Goel et al. [15] , a finding which is confirmed in the present study at both mRNA and protein level. Mizuno et al. [16] did also not find any TRPC4 or TRPC5 expression using cerebellar RNA isolated from rats at P21.
The reasons for these discrepancies are unclear but likely reflect differences in PCR protocols and/or primers used. Interestingly, the primers for TRPC4 used by Mizuno et al. [16] only recognise the TRPC4␣ splice variant [14] , which is presumably not expressed in cerebellum (see above), and it should be noted that TRPC5 has been shown to be expressed in human cerebellum [18] .
TRPC channels form non-selective cation channels that can have a high permeability to Ca 2+ [19] , suggesting that Ca 2+ permeability through TRPC channels is likely to increase cytosolic Ca 2+ levels significantly. Changes in intracellular Ca 2+ concentration are known to be involved in such key processes as neuronal cell proliferation, differentiation, migration and cell death and hence it is tempting to speculate that the expression of the different TRPC subunits is required for proper cellular development. In the case of TRPC4 and TRPC6, their down-regulation may be required for initiation of differentiation and/or migration of granule cells (TRPC4) or interneurons (TRPC6) whereas an increase in TRPC3 expression may be required for dendritic tree development in Purkinje cells. The fact that TRPC proteins undergo marked changes in expression after birth, and in a neuron-specific manner, suggests that this novel family of ion channels may be intimately involved in cerebellar development.
We show that activation of group I mGluRs, which couple to PLC activation, gives rise to increases in intracellular Ca 2+ concentration in Purkinje cell soma and dendrites under conditions when intracellular Ca 2+ stores are depleted and voltage-gated channels cannot activate. This means that the observed increase in intracellular Ca 2+ concentration following activation of group I mGluRs likely reflects Ca 2+ influx through TRPC channels. In theory, it is possible that TRPC channel activation depolarises the surrounding membrane sufficiently to activate voltage-gated Ca 2+ channels, which could then give rise to an increase in intracellular Ca 2+ concentration. However, it is unlikely that this is the case here since cells were clamped at −60 mV and only Ca 2+ signals from proximal dendrites, whose membrane potential should be controlled [9] , were used for analysis.
